We have experimentally observed anisotropic ion emission from Xe and Ar clusters subject to intense ultra-short (∼ 30 fs) near-infrared laser pulses, with up to 80% more energetic ions emitted in the perpendicular direction to the laser polarisation than in the parallel direction. Our pulse duration investigation in the range of 8 − 160 fs revealed that this anisotropy is present in the interaction for a specific range of pulse durations. Treating electrons inside the unexpanded cluster as a harmonic oscillator qualitatively demonstrates how the intracluster electric field can result in an ion emission anisotropy consistent with our observations. Our observations and modelling therefore give direct access to the dynamics that will be present in the first few cycles of an intense laser field interacting with any nanoscale dielectric.
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The interaction of intense (> 10 15 W cm −2 ) laser pulses with rare-gas clusters can give rise to energetic particles, mainly due to the enhanced energy absorption by the cluster medium [1, 2] . Fast highly-charged ions [3] [4] [5] [6] , electrons with energies in the keV range [7, 8] and energetic x-rays [9] [10] [11] have been observed after explosions of clusters subject to strong laser fields. Most of these earlier experiments were performed with pulses of durations τ of 100s of fs, which is comparable to a typical cluster expansion time t E [2, 11] .
In this regime, which we refer to as "adiabatic", the laser plasma continues to act on a timescale long enough for significant ion motion to occur. In the adiabatic regime, details of the laser-cluster interaction near the onset of irradiation are masked by subsequent events.
With shorter laser pulses becoming widely available, clusters can be exposed to pulses with τ ≪ t E , referred to as the "non-adiabatic" regime. In this regime, ions are effectively frozen during the laser pulse and additional details of the fundamental processes of the laser-cluster interaction can be obtained. This provides new insight into the early stages of a strong laser field interacting with a nanoscale dielectric.
Cluster explosions are driven primarily by two forces [12] : Coulomb repulsion between charged ions, and hydrodynamic pressure originating from a hot electron plasma. The relative importance of these forces depends on the laser and cluster parameters. Both limiting cases, pure Coulomb explosion [13] and pure hydrodynamic explosion [11] , lead to a completely isotropic cluster disintegration. However, several authors have reported anisotropic cluster explosions with more energetic ions emitted along the laser polarisation axis [4-7, 14, 15] . These experiments were performed with a range of cluster species and sizes, mostly in the adiabatic regime. The anisotropy has been explained by several different mechanisms. In the hydrodynamic expansion of large Xe clusters [7, 14] a surface polarisation pressure with cos 2 θ angular dependence is believed to be responsible for the anisotropic cluster expansion (θ is the angle between the laser polarisation axis and the ion emission direction). In the case of Ar and N 2 clusters exploding predominantly by Coulomb forces [4, 5] the asymmetry of highly energetic ions has been interpreted using a "charge-flipping" mechanism resulting from a time-dependent ion charge state [5, 16] , and the presence of higher charge states at θ = 0
• predicted by PIC simulations [12] . Anisotropic explosions of hydrogen clusters [15] have been explained by partial stripping of the cluster and resulting oscillations of the electron cloud across the cluster [17] .
In this Letter, we study angularly resolved ion emission from Xe and Ar clusters irradiated 2 by laser pulses with durations in the range of 8 − 160 fs, covering the non-adiabatic and the adiabatic regime. We demonstrate for the first time that, for a certain range of pulse durations (specific to the cluster type, but in our case around 10−30 fs, in the non-adiabatic regime), more energetic ions are emitted from clusters in the direction perpendicular to the laser polarisation axis, which is in contrast to earlier measurements [4-7, 14, 15] . We explain the observed anisotropy with an electrostatic model in which the cycle-averaged intracluster electric field is calculated. It shows that the field at θ = 90
• can be enhanced due to collective electron oscillations inside the cluster. Moreover, we demonstrate that a continuous transition of the interaction from the non-adiabatic to the adiabatic regime is directly mapped to the ion angular distribution. This transition can be universal to any nanoscale object.
Our experiment was performed by irradiating a low density cluster beam with a laser beam with laser pulse durations ranging from 8 fs up to 160 fs. The laser used was a 1 kHz Ti:sapphire CPA system (KML Inc.), delivering approximately transform-limited pulses with a central wavelength of 790 nm and duration of 28 fs. Longer pulses were produced by detuning a compressor grating pair. An energy of 1 mJ per pulse was used for experiments with pulse durations of 28 − 160 fs. Shorter pulses were produced using a differentially pumped hollow fibre and chirped mirrors compression system. The pulse duration was varied in the range of 8 − 21 fs by adjusting the gas pressure inside the fibre [18] . The energy per pulse from the hollow fibre system was ∼ 300 µJ. The laser was focused into the cluster beam with an off-axis parabolic mirror to peak intensities of 4 × 10 15 W cm −2 for the 28 fs pulse, and 5 × 10 15 W cm −2 for the 8 fs pulse. The temporal profile of the laser pulses was diagnosed with a SHG-FROG [19] . Xe and Ar clusters were produced by expansion of room temperature pressurised gas through a solenoid pulsed valve with a 0.5 mm nozzle [20] . A skimmer with an aperture of 1 mm was placed 10 cm below the nozzle to collimate a cluster beam with density of ∼ 10 14 atoms/cm 3 . Mean cluster sizes were estimated from the Hagena's scaling law [21] . Ions emitted upon cluster explosions were detected with a microchannel plate in the direction perpendicular to the laser and cluster beams and their energies determined from field-free time of flight. The polarisation of the laser was rotated by a half-wave plate placed before the focusing optics in order to measure angularly dependent ion emission. Hydrodynamic pressure can play a role in acceleration of ions with lower energies in the isotropic part of the ion spectrum. We have observed similar behaviour in explosions of Ar clusters with comparable sizes as Xe clusters under the same conditions of laser irradiation.
We qualitatively explain the anisotropy with an electrostatic model calculating the intracluster electric field, averaged over one cycle of cw irradiation, that drives Coulomb expansion of the cluster. The simplifications made in our model can be justified by molecular dynamics simulations [22] that have shown that a simplified description of collectively oscillating electrons inside the cluster is in good agreement with predictions of molecular dynamics codes. Moreover, the model presented here is similar to the analytical model in
Ref. [17] that has been successfully applied to explain anisotropic explosions of hydrogen clusters [15] . We treat the cluster as a 3D homogeneously charged sphere with an average ionic charge state Z (inset in Fig. 1a) . We estimate the fraction of electrons that leave the cluster by lowering of the cluster potential barrier by the laser electric field [23] . Electrons remaining inside the cluster are assumed to form a sphere with density equal to the ionic charge density, hence the interior of the electron sphere remains neutral. The electron sphere is described as a harmonic oscillator driven by the laser electric field F 0 sin (ωt) and damped by various processes, including collisions and additional ionisation [22] , that are included in the damping rate Γ. Γ is chosen to be on the order of cluster eigenfrequency ω C in accordance with predictions of molecular dynamics simulations [22] . The total electric field of ion and electron spheres is calculated and averaged over one laser period. It is anisotropic because of oscillations of the electron sphere in the laser field direction, though it is axially symmetric. The cycle-averaged field F at the cluster surface can have a maximum either at can induce an anisotropic cluster explosion with more energetic ions ejected in the direction perpendicular to the laser polarisation axis. The mechanism described here will play a role in cluster explosions for a sufficiently short pulse, as will be discussed later.
In order to track the changes in the ion anisotropy in different interaction regimes, we have In the few-cycle regime, ion emission from Xe clusters is anisotropic with
with the anisotropy persisting for pulse durations of 8−100 fs. This dependance on the pulse duration can be explained by the fact that heavy Xe ions essentially do not move during the laser pulse. On the other hand, ion emission from lighter Ar clusters in the few-cycle laser fields undergoes rapid changes when the pulse duration is increased from ∼ 10 fs to ∼ 20 fs.
In this case, for the shortest pulse durations, the anisotropy degree drops below 1.
The anisotropy degree both for Ar and Xe clusters decreases and eventually drops below 1 as the pulse duration increases, hence the anisotropy is reversed back to the well-known case. This fact indicates a competition between physical processes driving cluster expansions on different time-scales. For longer pulse durations in the adiabatic regime, the anisotropy with degree of E 90 • /E 0 • < 1 can be explained by mechanisms such as surface polarisation acceleration [7] and the "charge-flipping" process [5, 16] . However, these mechanisms are not expected to be significant in the non-adiabatic regime for the following reasons. Surface polarisation pressure will not be resonantly enhanced when the cluster does not expand.
The "charge-flipping" force will be less important for shorter pulses because it acts on ions for a smaller number of laser cycles. Therefore, other processes of ion acceleration start to prevail in the non-adiabatic regime. Our electrostatic model shows that the intracluster electric field can have ∼ 12% higher values at θ = 90
• than at θ = 0
• . Although only the cycle-averaged electric field is calculated and pulse duration is not considered explicitly in the calculation, a dependence on the pulse duration can be inferred. One can expect that a sufficiently long pulse will deposit more energy into the cluster during the cluster expansion and thus create higher charge states [10] . The degree of anisotropy in our model decreases for higher ionic charge states, therefore it should decrease with increasing pulse duration.
Moreover, the damping rate can change substantially for different pulse durations, leading to significant changes in the electric field profile (Fig. 1b) .
We find that the transition of anisotropy degree E 90 • /E 0 • from > 1 to < 1 occurs at a specific pulse duration for each atom species and cluster size investigated. We designate this pulse duration the "transition time" t A and analyse it in more detail. The experimentally determined transition time t A for each cluster type can be compared to the cluster explosion time t E . We estimate characteristic cluster explosion time as the time needed for a cluster to double its initial radius R 0 assuming ions exploding hydrodynamically at a plasma sound speed [11] : t E = R 0 m i /ZkT e , where Z is the ion charge state, kT e is the electron temperature and m i is the ion mass. The assumption of hydrodynamic expansion should be reasonably valid in the adiabatic regime. The relation between the estimated expansion time t E , averaged over a realistic log-normal cluster size distribution [24] , and experimentally determined transition time t A for four different clusters is presented in the inset of Fig. 3 . A strong correlation between the expansion time and the transition time can be seen: t E = at A with a = 2.3. We note that for calculation of t E , values of Z = 1 and kT e = 500 eV have been used, though the choice of these parameters only weakly influences the correlation between t E and t A . Therefore, the change in ion anisotropy (quantified by t A ) is directly related to the transition of the interaction from the non-adiabatic to the adiabatic regime (represented by t E ). We can compare the experimentally determined anisotropy degree of Ar clusters of different sizes with predictions based on estimation of transition times (Fig. 3 ).
Estimated transition times t A = t E /a for Ar clusters are shown as open circles in Fig. 3 .
The calculated transition time t A increases with cluster size and has a value of 28 fs for Ar cluster with 1000 atoms. This estimation means that Ar clusters containing less than 1000 atoms irradiated with pulses of duration τ = 28 fs are in the adiabatic regime, because in this case t A < τ , so we predict explosions to be anisotropic with E 90 • /E 0 • < 1. On the other hand, Ar clusters with more than 1000 atoms under 28 fs irradiation are expected to be in the non-adiabatic regime (because t A > τ ), therefore they are expected to explode with anisotropy degree of E 90 • /E 0 • > 1. This prediction can be compared with experimentally determined anisotropy degree of Ar clusters irradiated with 28 fs pulses (solid circles in Fig.   3 ). The agreement between estimation and experimental results further confirms the direct connection between the anisotropy degree and the cluster expansion regime.
In conclusion, we have observed anisotropic cluster explosions with significantly more energetic ions emitted in the direction perpendicular to the laser polarisation axis. We interpret this anisotropy in terms of Coulomb acceleration of the energetic ions by the electric field enhanced at θ = 90
• due to collective electron oscillations. Ion acceleration mechanisms in the few-cycle regime need further investigation. We have found that for very short laser pulses, or in the early cycles of longer pulses, the internal collective electron oscillation driven by the field occurs within an initially fixed frame of ions. The anisotropic ion energy is a direct signature of this early phase of the laser matter interaction which is masked if longer pulses are used. This behaviour will be general to all nanoscale dielectrics.
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